ABSTRACT
INTRODUCTION
Most functional restraints on evolutionary divergence operate at the level of tertiary structure, and therefore three-dimensional (3D) structures are more conserved in evolution than sequence (Bajaj and Blundell, 1984) . Furthermore, most disruptive changes occur at discrete positions, and at loop regions on the surface of proteins, rather than within the solvent inaccessible hydrophobic core. These core regions are therefore structurally conserved between homologous proteins. The property was first quantified by Chothia and Lesk (1986) who compared the structural similarity of the cores for several * To whom correspondence should be addressed.
pairs of homologous proteins and showed a dependence upon sequence identity. Therefore, to model proteins the target sequence is aligned to structures of similar sequence (the basis structures) the region that can be considered the core of the model is extracted from this alignment. From this alignment of the target sequence to the basis structures, the backbone fragments can be divided into two types: Structurally Conserved Regions (SCRs) and Structurally Variable Regions (SVRs) (Greer, 1980) . SCRs are those regions that are structurally conserved in all members of a protein family; they are not necessarily limited to secondary structure, just as structural variability is not limited to loops.
The definition of SCR necessarily varies depending on the number of basis structures and sequence identityfamilies with many members tend to have short SCRs. This means that several of the commonly used comparative modelling algorithms which use SCRs to delineate the core, (e.g. Bates and Sternberg, 1999; Peitsch, 1996; Sutcliffe et al., 1987a,b; Yang and Honig, 1999) are likely to underestimate the number of residues that can be carried through to the target structure. Hilbert et al. (1993) examined in detail the behaviour of the SCRs in pairs of homologous proteins. The SCRs were defined as those regions which after structural superposition, had Cα carbons within 3.8Å. This distance was selected, as it is the mean distance of adjacent Cα atoms in a trans-polypeptide chain, i.e. the shift of a Cα carbon by 3.8Å completely reassigns its spatial position. They counted the number of residues contained within these SCRs and found that the fraction of residues in this common core dropped with decreasing sequence identity. Pairs whose identity within the core residues was greater than 50% had 90% or more of their residues in SCRs. But even if the sequence identity of the core was below 20% the common cores still included 65% or more of the amino acids of the protein structures.
Collar extension, extending the region copied from the basis structure beyond the designated SCR, has been shown to greatly improve protein structure prediction (Srinivasan and Blundell, 1993) , because the most accurate parts of protein structure models are those that are copied from or restrained by the basis structures (Jones and Kleywegt, 1999; Martin et al., 1997) . However, the procedure has never been automated, since this requires quantifying the relationship between the basis structure and target for the putative collar extension, by either local structure or sequence similarity. The latter remains problematical: even though it is commonly assumed in modelling that local sequence similarity implies local conformational similarity (e.g. Bystroff and Baker, 1998; Topham et al., 1993) , there is still no satisfactory way to quantify this; even peptides as long as nine residues can adopt more than one distinct conformation (Cohen et al., 1993; Kabsch and Sander, 1984; Mezei, 1998; Sander and Schneider, 1991) .
Here we describe a new method for generating the core, which establishes reliably and rapidly how far beyond the conventional SCRs it is possible to extend the fragments that are copied from the basis structures (i.e. the Basis Fragments (BFs)). This allows as much of the known structural information as possible to be included in the model, even if it lies outside a conventional SCR. The method is thoroughly benchmarked and compared to other modelling programs to give rules for its general applicability, its advantages and disadvantages, limits and pitfalls, dependence on the degree of sequence homology or identity, number of family members and class of protein.
METHOD

Overview of method
The method is designed to retain the maximum amount of information from the structural alignment. To achieve this it utilises the structural similarity of the basis structures to each other (in both Cartesian and φ, ψ space) and the similarity of each basis structure to the target sequence through environmentally constrained substitution tables (Deane and Blundell, 2001) . These criteria are discussed below. A BF rather than an SCR is the basic unit of the cores built by SCORE. A BF is any part of any single basis structure that can confidently be said to be similar to the target structure, regardless of whether or not it lies within an SCR. The latter, by contrast, spans all aligned sequences, and is limited to the residues structurally similar in all sequences. Thus BFs can extend the information extracted from the alignment compared to the SCRs.
Definition of structural conservation
For structures that have been superposed and aligned along structural features (using COMPARER; Sali and Blundell, 1990 , for instance), aligned residues are considered to occupy 'conserved' positions if their Cα-Cα separations (after superposition) and D φ,ψ (difference in backbone torsion angles, equation (1)) both fall below defined cutoff values. An SCR is defined as a continuous stretch of three or more residues conserved in all aligned structures. (Note that the conventional SCR definition does not include the D φ,ψ criterion.) For modelling purposes, all residues in the SCR must additionally have sequence similarity to the aligned position in the target sequence.
where
In SCORE the BFs are selected using both the structural similarity across the basis structures and environmentally constrained substitution tables.
Definition of sequence similarity: environmentally constrained substitution tables
The raw environmentally constrained substitution tables were constructed by accumulating substitutions observed in all the homologous pair-wise alignments from a high-resolution database. This database was extracted from HOMSTRAD (http: //www-cryst.bioc.cam.ac.uk/∼homstrad) (date 18/02/00) (Mizuguchi et al., 1998) and contained 320 homologous families with 859 proteins all solved to a resolution better than 2.5Å. In this case the environment of the replaced and substituted residues was taken into account and six φ, ψ areas defined six environmentally constrained tables. Environmentally constrained amino acid substitution tables are derived (Deane and Blundell, 2001) . These tables are used to score BFs. The value of the environmentally constrained substitution table score for a BF is given by S c (BF) (equation (2)). It is the sum of the value for each environmentally conserved substitution between the residues at position i in the alignment of the basis structure (B) and the target sequence (T), where i runs from residue m (start of the BF) to residue n (end of the BF).
Basis fragment generation Several SCR regions are designated as described above and each is taken in turn. The SCR from one of the basis structures is chosen as a representative of the region. This is the SCR from the structure with the highest S c (SCR) (equation (2)). This initial SCR is designated as a BF. The SCRs from all the basis structures (not just that chosen as the representative BF) are then extended in all possible combinations at both the N and C termini until an insertion or deletion with respect to the target sequence occurs. All BFs (extensions of the SCRs) that have a S c (BF) greater than or equal to the S c (SCR) of the original SCR in that basis structure are collected. No duplications are allowed if two (or more) BFs from two (or more) basis structures are 'identical' (structurally conserved) under the criteria described above. The BF with the higher S c (BF) is then selected.
If there are only one or two basis structures an additional step is added to BF generation. In this case SCORE also reduces the SCR size by removal of residues at the N and C termini of the SCR fragment down to any fragment containing only three residues. The same rules for acceptance still apply. These shorter fragments must have an S c (BF) higher than or equal to that of the SCR from their basis structure.
Core generation
Thus a long list of overlapping BFs is produced. To create the core all possible combinations of non-overlapping BFs are generated and the core with the highest S c (core), which is the sum of S c (BF) for all the BFs in the core, is selected. If two cores have an identical score the core containing a greater number of residues will be selected. The SCORE program uses two other parameters MinScore and MinSize, which relate to the minimum S c (core) and minimum length of the core to be built respectively.
Relative spatial positioning of the selected basis fragments
There are two choices for BF positioning in the algorithm. The first is to fit the BFs to a single basis structure, selected as that with the highest overall S c (basis structure) denoted S c (t). The fitting is performed on all residues of that basis structure (S c (t)) that are aligned to the core. The second is to fit the BFs to a weighted averaged Cα network of the SCRs (equation (3)). In the fit the Cα positions of the BFs are superposed on these averaged Cα positions or on the Cα positions of S c (t) (Kearsley, 1989a,b) . N S c (a) is the normalised score for each basis structure a. t indicates the basis fragment with the highest S c of the q basis structures.
The averaged Cα framework is developed by taking each residue Cα position i within the SCRs and multiplying the Cα co-ordinates (l representing x, y and z) from each basis structure j by N S c ( j) to calculate AνC i l (equation (4)) the Cα co-ordinate in the averaged framework for position i in the SCR and co-ordinate l (x, y or z).
The SCORE results discussed in this paper relate unless otherwise specified to fitting of the BFs to this averaged Cα framework.
Selection of alignments for testing
A subset of alignments was selected from the HOM-STRAD database (July 2000) . Structures with a resolution better than 2.5Å solved by x-ray crystallography were selected from the database. Low-resolution structures and/or structures solved by NMR were omitted following the results of Guex and Peitsch (1997) , Harrison et al. (1997) and Hilbert et al. (1993) . This led to a list of 185 family alignments. Ten of these were selected for parameterisation and 14 (Table 1) for initial testing. These smaller sets were selected to represent diversity in number of family members, major secondary structural components (α, β, αβ, etc.) , sequence similarity to the target and number of residues in the alignment. These alignments were used to generate models using SCORE, COMPOSER (Sutcliffe et al., 1987a) and MODELLER (Sali and Blundell, 1993) .
RESULTS
Setting program parameters
Several different Cα separation and D φ,ψ cut-offs were tested using the initial 10 alignments. These properties are designed to identify segments of structure that can be considered 'identical' between two or more of the basis structures. Setting the cut-offs too low will result in very small SCRs with the possibility that entire regions of SCR will be overlooked. Very small initial SCRs can also lead to the generation of a very large number of possible BFs which would increase the task involved in generating all possible cores, slowing down the algorithm. Conversely if the Cα separation and D φ,ψ cut-offs are too high, positions in the basis structures are considered 'identical', where they are actually showing significant variation. Thus, a balance was struck so that the program could give good predictions in a reasonable time frame. SCORE operates with a Cα-Cα separation cut-off of 3.5Å and a D φ,ψ cut-off of 150. The D φ,ψ cut-off is high given that the distribution of differences between 'random' torsion angles would be expected to peak around 90 • . Thus, it was tested to see how often this cut-off caused a difference in the SCR definition. In the 14 test cases The family name and class are those designated in the HOMSTRAD database. The family members and target are listed by their PDB codes the chain is identified after an underscore if necessary. The minimum, maximum and average percentage identity and S c of the family members to the target are given in the last six columns. † Full HOMSTRAD family names: Adh = alcohol dehydrogenase, Hip = high potential iron-sulfur protein, Cytprime = cytochrome c , Ets = ETS domain, Ltb = heat-labile enterotoxin/cholera toxin, B subunit, Ngf = nerve growth factor, Cpa = zinc carboxypeptidases, Lamb = maltoporin (LamB protein), Rub = rubredoxin, Ferritin-ferritin, Fer2 = ferredoxin (2Fe-2S), Gpr = glucose permease, Fkbp = FKBP-type peptidyl-prolyl cis-trans isomerase, Ricin = Ribosome inactivating protein. five are effected by this cut-off in each case one or two of the SCRs are shortened by one or two residues. The effect of the cut-off is not large but it is preventing residues with significantly different φ, ψ values being labelled as structurally conserved. Next values of MinSize and MinScore were identified (on the set given in Table 1 ) that allowed rapid operation of the program without artificially lengthening the core. The optimal values were calculated using iterative testing. In this testing, the threshold of MinScore was first calculated (the highest value where a core was predicted) and then the threshold value of MinSize was selected such that it did not overextend the predicted core but allowed rapid prediction. The MinScore and MinSize parameters were then tested to see if a correlation could be found with any of the available information about the alignments (S c (basis), alignment length). Figure 1 shows the only significant correlations: MinScore with the maximum S c (basis) value of a sequence in the alignment to the target and MinSize to alignment length. Unfortunately neither correlation is strong enough to be sure that the algorithm can automatically select an optimal value for the parameters. SCORE therefore, automatically sets the MinSize and MinScore parameters within the bands found in Figure 1 and, if no answer is found, or if more than 5000 BF are created by the algorithm (rendering the algorithm very slow), it then suggests the band within which the MinSize and MinScore parameters should be set and in which direction the user should move either one of the parameters in order to achieve a result within a reasonable time frame. SCORE is a rapid algorithm; usually it takes less than 1 s to give a prediction.
Comparison to copying from a single basis structure In all 14 example cases there is more than one basis structure (Table 1 ). The performance of SCORE was therefore compared to copying the identical core from any one of the basis structures ( Table 2 ). The core region predicted by SCORE is compared to the structural alignment and if any single structure is fully aligned along the whole length of the SCORE core then the RMSD of the core copied from that basis structure to the real structure was calculated. In general, SCORE performs better than selection from a single basis structure (9 of 14 cases) by the selection of locally more similar conformations and often a core comparable to that generated by SCORE is not available from some or all of the basis structures in the alignment (Table 2) , for example in the case of the cytprime † family.
Comparison to COMPOSER-conventional SCRs
The accuracy of SCORE was then compared to the SCRs constructed by the version of COMPOSER (Sutcliffe et al., 1987a,b) found in SYBYL 6.6 (Tripos UK Ltd). COMPOSER generates SCRs in the 'conventional' manner which is still commonly used by many modelling groups using only Cα-Cα separation and structurally aligned positions (e.g. Bates et al., 1997; Bates and Sternberg, 1999; Burke et al., 1999; Dunbrack, 1999; Guex et al., 1999; Guex and Peitsch, 1997; Harrison et al., 1995 Harrison et al., , 1997 Peitsch, 1996) . COMPOSER was run on the 14 test examples using their respective structure based alignments extracted from HOMSTRAD. The comparison between SCORE and COMPOSER centres on two issues, the size of core that is predicted by the two programs and the RMSD of these cores to the real structure. This is because a program may be predicting a significantly larger core, but in doing so may extend the region that is copied beyond that which is truly 'identical' between the basis structure and the target or give a significantly lower RMSD but predict a far smaller percentage of the structure. Table 3 shows that in general the cores are of a similar size, but they are not selecting identical residues. † The family name given here is that found in the HOMSTRAD database and in Table 1 . (86) The asterisk indicates the cases where the SCORE core is better than or identical to the best core built from only one of the basis structures. NR [No Result]-indicates that it was not possible to build a core equivalent to the SCORE core from that basis structure. The RMSD is calculated on Cα atoms only. The two RMSD columns for SCORE relate to the two different fitting procedures, RMSD is when the core is fitted to the average Cα network and RMSD(f) when the core is fitted to a single basis structure. The hash (#) indicates the cores that are longer when built by SCORE than COMPOSER. The dollar ($) indicates where the SCORE RMSD values are lower than those achieved by MODELLER. The RMSD is calculated on Cα atoms only.
This explains the lower RMSDs in general for the SCORE cores (Table 3) . Only two of the cores built by SCORE have a slightly inferior RMSD than those constructed by COMPOSER, and both the SCORE cores are significantly longer, 69 to 41 residues in the ets family and 145 to 135 residues in the gpr family. The worst core built by SCORE has an RMSD of 2.7Å. Five of the COMPOSER cores have an RMSD greater than 3.8Å. In the case of the lamb family the COMPOSER core has an RMSD of 14.5Å which is far greater than would be expected when copying elements from such similar basis structures. The problem is caused by COMPOSER copying long loop regions from the basis structures which have diverged significantly from the target, whereas SCORE is able to identify the limits of the 'identical' regions far more precisely. In the case of the ricin family the SCORE core has both a lower RMSD and a larger number of residues. Here the opposite effect is observed: COMPOSER creates shorter SCRs finishing where all the structures are 'identical' to one another but SCORE performs 'collar extension' along a basis structure that is similar to the target.
Comparison to MODELLER
MODELLER (Sali and Blundell, 1993 ) is one of the most commonly used modelling packages available. A single model structure for the target, using the basis structures and the alignment file from HOMSTRAD was constructed using MODELLER. To demonstrate that the methodology being developed here can compete with current programs, the core regions from the MODELLER predictions were compared to those from SCORE in terms of their Cα fit to the real structure. Once again the SCORE core was cut from a structure, this time from the MODELLER model. This comparison is not entirely fair, as MODELLER is designed to build the entire structure and the core region for comparison is that selected by SCORE. However, if SCORE is a reliable modelling program it should in general perform at least as well as MODELLER for building the core region of the protein. Of the 14 examples SCORE builds a lower RMSD core in 10 cases (Table 3) . However, all the values here are close (within 0.3Å) indicating a similarity of predictive ability.
The effect of basis structure choice S c is not directly correlated with percentage identity, so the algorithm was further tested to see whether percentage identity or S c (basis) is a better guide to overall structural similarity in the context of the SCORE algorithm. Percentage identity is known not to be a powerful indicator of local structural similarity. However, of the six cases where the basis structure with the highest percentage identity to the target was different from that with the highest S c (basis) to the target (Table 3) , three built lower RMSD cores with the highest S c (basis) and three with the highest percentage identity basis structure (the core sizes being in general similar). There is, therefore, no clear evidence as to which measure is a better guide to global similarity in these highly identical homologous families.
Evaluation on a large dataset COMPOSER is not a fully automated system and MOD-ELLER has a run time three orders of magnitude longer than SCORE so evaluation on a larger dataset was carried out for SCORE alone. It was run on 100 other families extracted from the HOMSTRAD database, leading to a total of 114 families. In only two cases was the core size less than 50% of the structure and all the cores built had an RMSD of 3.7Å or less to the target structure. The MinSize and MinScore parameters set using the original 14 examples were compared to the values calculated for this larger dataset and all but a tiny proportion fall within the pre-ordained bands from the smaller test set (Figure 1) . The relationship between the average, maximum and minimum S c (basis) or percentage identity of basis structures to target sequence with the size of core and RMSD of core was examined. The clear correlations that were observed by Hilbert et al. (1993) on pairs of homologous structures were not as obvious. There is a general increase in core size with greater maximum S c or percentage identity up to a point where the graphs level out (greater than 50% identity or 550 S c respectively). RMSD of the core appears to correlate better to S c (basis) values (maximum, minimum or average) than percentage identity. The shape of the graph is as expected in that increasing S c (basis) decreases the RMSD of the core (Figure 2) .
The larger dataset was also used to assess whether fitting to a single basis structure or to an averaged framework should be used. Overall the performance was found to be slightly better if the core was fitted to an averaged framework, but there are many cases where fitting to a single basis structure improved results. Unfortunately there is no clear indication as to what percentage identities or S c (basis) values correlate to a more reliable result when fitting to a single basis structure rather than an averaged framework.
Counting the basis fragments and the gaps in the cores
The target structures were divided into three types of fragments:
(1) those BFs predicted by SCORE; (2) the N and C termini fragments not predicted by SCORE; (3) all other fragments that are not predicted by SCORE.
The number of fragments of each length of the three types is shown in Figure 3 . This was done so that the average length of a BF or gap could be observed, i.e. was SCORE predicting only short fragments, all separated by one residue gaps, or was it predicting large continuous pieces of structure separated by small gaps. As can be seen from Figure 3 the median length of BF is nine residues and the average length is between 28 and 29 residues. The gaps between the BFs are of interest, for if SCORE is to form the basis of a comparative modelling program these gaps will have to be predicted using SVR modelling software such as (Deane and Blundell, 2000) . These methods work best for short gaps of eight residues or less. Thus it is desirable that the majority of gaps fall into this category. As Figure 3 shows the majority of gaps are in fact only one residue in length. Over 85% are eight residues or less. In the case of the N and C termini gaps nearly 70% are less than three residues.
CONCLUSION
A new approach to prediction of the core of protein models is suggested. That steps away from the concept of SCRs to the more fluid definition of BFs. The algorithm is fully automatic, rapid in operation and compares well with other comparative modelling programs such as COMPOSER and MODELLER. In the case of protein families the operation of the program appears to fulfil the criteria of both prediction of a reasonable percentage of the structure coupled with low RMSD values.
